Abstract Reconstruction of the anatomy of the proximal humerus is a prerequisite to achieving good long-term clinical results after shoulder arthroplasty. Modern, adjustable prostheses have greater flexibility of inclination, retroversion, and medial and dorsal offset in comparison with older prostheses. Such improvements should allow for better reconstruction of the centre of rotation compared to older prostheses. Reconstruction of the humeral head centre was assessed in 106 modern adjustable (Affinis) and 47 second-generation prostheses. All reconstructions were compared both to the preoperative state and the unoperated shoulder. To describe the pre-and postoperative states, the geometry and position of the humeral head in relation to the glenoid were analysed on patient radiographs. Applying the defined parameters, modern adjustable prostheses showed better reconstruction than second generation prostheses. Parameter values measured in reconstructions using fourth generation prostheses were comparable to those of the unoperated shoulder, but differed significantly from the preoperative state. Second generation prostheses, in contrast, only show non-specific differences in parameter values. This suggests that an approximate reconstruction of normal anatomy can be achieved using a modern fourth generation prosthesis. Reconstruction of the complex anatomy of the proximal humerus is significantly better with modern adjustable prostheses compared to second generation prostheses. Improved clinical outcome can therefore be predicted in a functional and intact rotator cuff. The advantage of using modern prostheses systems over older models is clearly demonstrated in this study.
Introduction
The anatomy of the proximal humerus can vary with respect to inclination, retrotorsion and the medial and dorsal offsets (the offset of the centre of rotation in relation to the humeral axis) [1, 6, 9, 14, 17, 20, 21] . Due to this, many groups call for this anatomy to be repaired as precisely as possible when implanting a humeral prosthesis in order to achieve optimal postoperative joint function [1, 4, 5, 7, 8, 10, 13, 15, 16, 18, 20, 22, 23] . Others go further and insist on reconstruction of the centre of rotation specifically [17] .
In many cases of osteoarthritis, flattening of the humeral head can be identified (Fig. 1a, b) , resulting in conditional lateral displacement of the centre of rotation in relation to shaft axis but causing a medial shift of the of the rotational centre in relation to the glenoid. Other patients show a primary osteoarthritis with no significant deformation of the humeral head (Fig. 1c) . The technical demands for reconstruction of the rotational centre differ considerably in both cases.
Modern prostheses allow adaptation to both the primary and also pathologically altered secondary anatomy. These prostheses generally allow eccentric adjustment of the prosthesis head in relation to the shaft. Some also feature variable, adjustable inclination.
In order to reconstruct a shoulder as closely as possible to the contralateral side, there are two possible approaches. One possibility is to measure the contralateral side and apply those on the prosthesis (if a prosthesis with variable inclination is used). A second option is to perform the osteotomy using a resection guide with a defined inclination. Assuming that, in the majority of cases, the angle of inclination in any given patient conforms to the statistical means derived from anatomical studies, a good approximation to normal anatomical conditions can be achieved. The aim of our study was to investigate how to approximate the anatomical parameters to the healthy side after shoulder replacement.
Therefore the hypotheses of our study are:
1. With prosthesis with fixed inclination (or using a resection guide in case of prosthesis with variable inclination) and a double eccentric head we anticipate that the pre-and postoperative centre of rotation will differ significantly. Whereas the postoperative centre of rotation will not differ significantly from the contra lateral shoulder.
2. In contrast, first-and second-generation conventional prostheses may not show a clear tendency.
To test our hypotheses, we have compared reconstruction of the centre of rotation in patients implanted with adjustable prostheses versus those implanted with secondgeneration prostheses.
Materials and methods
The retrospective investigation was reviewed and approved by the review board of the Marienstift Arnstadt/Germany.
Radiographs from 154 patients with hemi-prosthesis were evaluated. Of those, 106 consecutive patients received a modern adjustable prosthesis (Affinis, Mathys Ltd. Bettlach, Switzerland; Fig. 2a is the same in all cases a lower osteotomy angle would provoke an additional lateral displacement of the rotational centre. c Primary osteoarthritis of the shoulder with no substantial deformity of the humeral head or shoulder socket 14) , rheumatoid arthritis (n=12), avascular humeral head necrosis (n=4) and other reasons (n=6). In addition, 48 consecutive patients received second-generation prostheses between 1994 and 2001. Indications were primary osteoarthritis (n=11), post traumatic osteoarthritis (n=10), fracture sequelae (n=16), rheumatoid arthritis (n=9) and avascular humeral head necrosis (n=2). In these 48 patients, 44 Neer II (Kirschner), two Bio-Modular (Biomet) and two Cofield (Smith and Nephew) prostheses had been implanted. Exclusion criteria in both groups were pathological deformities in the contralateral shoulder.
Radiographs were taken preoperatively in the anteroposterior plane of the damaged and healthy shoulder in order to plan the surgery. In the past the axial view of the contra lateral side has not been performed as a standard (operations between 1994 and 2001). Therefore the rotational centre could only be determined from the frontal plane. All prostheses were implanted by the same surgeon. Evaluations were performed by two assessors not involved in the surgical procedure.
Figure 3a-c shows parameters describing humeral anatomy as defined by various groups [3, 6, 11, 12, 14, 18, 20, 25] . The humeral head centre was defined by a transparent template on which circles of different diameters were drawn.
Statistical methods
In this study all parameters were measured in metric units. An alpha-error rate of 5% was applied throughout. Possible cumulative errors were not adjusted. Preversus postoperative value and opposite shoulder versus postoperative shoulder were compared with either a one-or two-sided paired t-test, respectively. The Affinis prosthesis model was used as the point of reference to which the second-generation models were individually compared.
Results
Parameters which describe the reconstruction of humeral geometry showed a significant difference between preand postoperative value ( The results mentioned above are especially clear in the graphic presentations of the head geometry (Fig. 4) . Most parameters demonstrate an approximation to the values of the healthy side for the adjustable prosthesis (Fig. 4a) , but no clear tendency in second-generation prostheses (Fig. 4b) .
The relationship between the humeral head centre and the glenoid showed the same tendency ( Table 2 ).
With the adjustable prosthesis, there were significant differences between all pre-and postoperative parameter values, whereas no significant difference between postoperative and the contralateral shoulder was observed ( Table 2 , upper panel). Also, with these measurements the second-generation prostheses results were different. No consistency was observed between pre-and postoperative, and between postoperative and contralateral shoulder ( Table 2 , lower panel). The graphs would show the same relations demonstrated in Fig. 4 , but for reasons of space are not demonstrated here.
Discussion
The results strongly confirm our hypothesis that with modern adjustable prosthesis an adaptation to the anatomical parameters of the healthy contralateral shoulder can be achieved. Significant differences were found between pre-and postoperative values of the operated shoulder showing the displacement of the rotational centre. This was demonstrated in almost all measured parameters.
It is interesting to note that the difference in postoperative values compared to the contralateral shoulder values of parameters EO and HO is only 1.21 mm and 0.58 mm in the Affinis prosthesis (Table 1 , upper panel). Therefore the centre of rotation is within 4 mm; the maximum range of tolerance defined by other groups [17, 24] . When comparing postoperative centre of rotation to the original position, Pearl et al. reported values of 14.7 mm and 2.1 mm for second-and third-generation prostheses, respectively [17, 19, 20] . However, it was not clear whether they compared the postoperative state with the preoperative state or with the non-operated shoulder. In comparing our preoperative data with the postoperative parameter values, we observed differences of 2.63 mm for parameter EO and 4.21 mm for parameter HO giving values within or just over the 4 mm limit, respectively.
Second generation prostheses (Table 1 , lower panel) show no characteristic tendency and lesser significant differences between the pre-and postoperative values or between the postoperative values and the contralateral side, supporting the original hypothesis which predicted no particular trend.
The difference between second-and modernadjustable-prostheses is especially marked with regard to parameter ARC (Table 1) . Pearl et al. suggested the deviation should be no more than 30°of the original value [17] . For both prosthesis types the results fall within this limit, although the 4.64°deviation of the adjustable prosthesis is clearly less than the 20.6°d eviation of the second-generation prosthesis. The sig- Fig. 4 a Results of radiological parameters to define the bony geometry of the humeral head (adjustable prostheses (Affinis), n= 106). b Results of radiological parameters to define the bony geometry of the humeral head (second generation prostheses, n=47; legends see Fig. 3) nificant difference between pre-and postoperative values along with postoperative parameter values approaching those of the contra lateral shoulder are clearly seen using the modern adjustable prosthesis. In contrast, the ARC measurement in second-generation prostheses shows a significant difference between postoperative state and contralateral shoulder, but no significant difference between pre-and postoperative state. These different results are astonishing because this parameter largely depends on the size of the head component. Remarkably, the changes predicted in the initial hypotheses are observed not only in the data describing humeral head geometry, but also in the parameter values describing the relationship of the humeral head to the glenoid (Table 2) . This was not necessarily expected; aside from the reconstruction of the anatomy of the humeral head there are other factors influencing the position of the head of the humerus in relation to the glenoid, e.g. the condition of the rotator cuff or contracture of the joint capsule. With this modern adjustable prosthesis ( Table 2 , upper panel), all parameters showed a significant difference pre-and postoperatively, with postoperative values approaching those of the contralateral shoulder.
Overall, the results support our hypothesis; the use of a prosthesis with fixed inclination and adjustable double eccentric head almost completely approaches the anatomy of the contralateral shoulder. Second-generation prostheses did not show these results in our study.
Our observations are consistent with the findings of other groups, who observed improved adaptive capabilities with modern adjustable prostheses compared with conventional first-or second-generation models. It is not yet clear if better adaptation leads to longer prosthesis survival [17, 18] . It has however been shown that range of movement can be improved and the danger of subacromial impingement is reduced [15, 24, 25] . Exact reconstruction of the centre of rotation is also important for normal function of the rotator cuff muscles [15, 16] . This leads to a reduction in the eccentric load of the glenoid [4] . Early clinical results and experimental analysis support the advantage of modern adjustable prosthesis designs in subsequent function [2] . Ianotti et al. showed that second-generation prostheses required specific modifications of the surgical technique to replicate normal anatomical parameters approximately using a three-dimensional computer surgical simulator (modified varus or valgus humeral osteotomy and additional application of smaller and flattened humeral head components) [12] .
The results support our hypothesis that clear improvements in the fit of the prosthesis to the anatomical conditions can be seen using a modern adjustable model compared to conventional prostheses. This effects a correction of the parameters representing the deformed anatomy and at the same time an approximation to the normal anatomy of the healthy side, especially of the rotational centre of the humeral head.
The influence of these findings on survival and functional outcome cannot be shown with this study and requires further investigation. 
